The synthesis of novel tetrazolo azepanes from azido nitriles by 1,3 intramolecular dipolar cycloaddition starting from monosaccharide derivatives is described. A quantum chemical topological study on the intramolecular cyclization process has been conducted rendering a pseudo-concerted mechanism. Conformational study was done for the final products which showed a preferential twist boat conformation, theoretically suitable for mannosidase inhibition. However, the tetrazoles showed no significant inhibition of glycosidases.
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Nitrogen-containing sugar analogues, known as iminosugars 1 have attracted considerable attention from synthetic and medicinal chemists, biologists, and clinical researchers by their potential ability to inhibit glycosidases and glycosyl transferases. Most of works on the design and synthesis of glycosidase inhibitors have focused on ve-and six-membered iminosugars, which are considered to mimic the substrate transition states. However, the greater exibility of seven-membered ring should increase the binding to the active site of the enzyme. More potent analogues and derivatives could possibly be obtained by structural changes of the polyhydroxyazepanes described to date.
2 On the other hand, the discovery of the natural nagstatin, 3 potent inhibitor of hexosaminidases, and the search of mimetics of glycono lactones, 4a-c known by their inhibitory activities, prompted a great deal of interest and a number of bicyclic azoles derived from carbohydrates were synthesized by different research groups.
3c,8 The oen higher biochemical activity displayed by these bicyclic heterocycles, 5b in comparison with monocyclic analogues, has been attributed to their greater rigidity; the polyhydroxylated moiety being effectively locked in a conformation favouring inhibition.
5b Most of these compounds are imidazoles, 4a,4d,6 triazoles 3c,4a,4b,8 and tetrazoles, 4a,4b,5,7,9a fused to hydroxylated piperidines and pyrrolidines. The glycosidase inhibition results studied by Vasella and Heightman 4a showed the tetrazole pyrimidines 1-4 to be an imperfect transition state analogue (Fig. 1) . Besides, the tetrazole 1 and the triazole 6 are glycogen phosphorylase inhibitors. Recently, 9b glucoimidazole 5 has been used in studies related to Gaucher disease. The tetrazolo pyrrolidines 7, 8 (ref. 5 ) and 8(ent) 5 are glycosidase inhibitors. As far as we are aware, in the literature there are only a few azoles fused to polyhydroxylated seven member rings: triazole 9 (ref. 10) and tetrazoles 10.
11 Triazole 9 was found to be a very weak inhibitor of E. coli a-galactosidase and of isomaltase (a-glucosidase).
10 All these facts have stimulated our interest in synthesizing new bicyclic azoles like 13 and 14 in which the rigidity of the aromatic azole could compensate the possibly excessive exibility of the monocyclic polyhydroxylated azepanes 11 and 12 (ref. 12 ) and improve their behaviour as glycosidase inhibitors (Fig. 1) . The mechanism of tetrazole formation by addition of azide to nitriles has been well studied.
13 Nonetheless, there are scant studies on the mechanism of this reaction when azido and nitrile group are in the same molecule to yield a bicyclic compound.
14 To the best of our knowledge, there are no mechanistic studies based on the formation of tetrazolo fused to seven-membered rings.
With this in mind and with the aim of obtaining new and more powerful analogues, we have attained the formation of tetrazolic systems fused to a seven-membered ring starting from monosaccharide derivatives. Firstly, the azido alcohol 15 obtained regioselectively in previous experiences 15 from epoxyamides was chosen (Scheme 1). Benzylation of diol 15 and further acetal deprotection to 17 allowed us to obtain the azido amide 18, formed in the oxidant conditions provided by iodine in aqueous ammonia. Direct conversion of hemiacetal 17 into the nitrile, following Fang's conditions, 16 was tried, but amide 18 was obtained as major product (81%), with a rest of nitrile 19. Dehydration of the amide to nitrile 21 was successful with the acetylated azido-amide 20. With the nitrile 21 in hands we had the desired functionalization to accomplish the cyclization to the bicyclic compounds. Cycloaddition [3 + 2] by heating in dimethyl sulfoxide led to the protected tetrazolo azepane 22. Deacetylation and subsequent hydrogenation gave the tetrazolo pentahydroxy azepane 13. NMR data (with H-MQC and COSY) of tetrazoles 22, 23 and 13 let us the structural elucidation for this type of compounds.
With the purpose of extending the methodology starting from more accesible monosaccharide derivatives, we followed the same strategy with the monotosylated 24 obtained from Dglucose (Scheme 2). Displacement of the tosylate group by sodium azide and further benzylation gave azide 26a. Acetal hydrolysis of the dibenzylated 26a and subsequent treatment with iodine in aqueous ammonia gave, analogously as for compound 18, azidoamide 27 as major product (78%). The diacetylated 29 formed from acetylation of compound 27 was treated with triuoroacetic anhydride and triethyl amine to obtain the desired cyano derivative 30. Cyclization to the bicyclic compound 31 was carried out in similar conditions as for the analogous 22. Deacetylation followed by debenzylation gave the tetrazol tetrahydroxyazepane 14.
Minor products 19 or 28, in 4% or 8% yield, were isolated in the reactions to amides 18 or 27, respectively. NMR data of compounds 19 and 28 corresponded to degradated nitriles with one atom of carbon less.
Computational study
Conformational studies were carried out to compare the preferred conformation of the new compounds with that of other known related compounds and look for a structurereactivity relationship as potential glycosidase inhibitors. Firstly, the congurational assignment for the new azepanes 13 and 14 had been veried with the experimental coupling constants values (J) obtained from 1 H NMR spectra (CDCl 3 , 400
MHz). Thus, J 2,3 and J 3,4 values showed a proton trans-relationship, while J 4,5 gave a cis-relationship as expected (Table 1) . For each conformer the coupling constants were calculated according to the method of Kutateladze and Hornback. 17 The
Scheme 1 Synthesis of tetrazolo pentahydroxyazepanes.
Scheme 2 Synthesis of tetrazolo tetrahydroxyazepanes. results were compared with the experimentally determined values (NMR). The conformers which tted better the experimental values are those depicted in Fig. 2 . These conformers of 13 and 14 showed a twist boat conformation that is theoretically suitable for mannosidase inhibition.
4e,18
In order to get insight into the reaction mechanism, the experimental results were coupled with theoretical calculations at the DFT level and quantum theory atom-in-molecules (QTAIM) analysis. This methodology has been successfully applied by us in previous studies on cyclization to triazoles.
19
Computations were carried out with G09 and G09w suites of programs 20,21 by using the hybrid-long range-CGA density functional LC-wPBE in combination with the Pople's 6-31G(d), 6-31+G(d) , and 6-311++G(d,p) basis sets. Solvent effects were introduced in calculations by means of the PCM method developed by Tomasi et al., 21b as it is implemented in G09, taking the DMSO as solvent. Full optimizations were performed with the analytic Hessian recomputed at every optimization step at the LC-wPBE(DMSO)/6-31G(d) level. The transition structures (TSs) were conrmed by frequency calculations and subsequent IRC (Intrinsic Reaction Coordinate) calculations.
21a At selected stationary points along the IRC, the LC-wPBE(DMSO)/6-311++G(d,p)//LC-wPBE(DMSO)/6-31G(d) electronic charge density was studied by exploring the topologies of the proper r(r) function and the one of its associated Laplacian scalar eld, V 2 r(r), by using the AIM2000-2.0 soware.
22a
In general, secondary interactions can be crucial in the course of many chemical reactions. The study of Critical Points (CPs) of r(r) and the trajectories of Vr(r) should allow us to properly characterize them by the existence of both topological elements, (3,À1) Bond Critical Point (BCP) and the two bond paths connecting the BCP with the corresponding pair of atoms.
22b In the BCP notation, the rst number, or rank, standing for the number of nonzero curvatures of the function and the second one the corresponding sum of signs, or signature. It is well stated that secondary contacts are closed-shells interactions characterized by a combination of low charge density at the (3,À1) BCP with a negative and also low value of L ¼ ÀV 2 r(r). 23 Fig. 3 shows the transition state for the intramolecular cyclization of 21 and its transition vector towards the reactive valley, and Fig. 4 the corresponding energy prole. The LC-wPBE(DMSO) /6-31G(d) 24 The transition state turns out to be energetically favoured with the three benzyloxy protective groups, because of two of these groups, the ones attached to C2 and C5, x a favourable conformation for the intramolecular cycloaddition reaction. In effect, the molecular graph obtained from the AIM analysis of the electronic density at LCwPBE(DMSO)/6-311++G(d,p)//LC-wPBE(DMSO)/6-31G(d) reveals a non-negligible number of closed-shell secondary interactions in that transition state, some of them of H-type character (see characterization in ESI †). The formation of the azepane ring is accomplished prior to the second cyclization to give the tetrazolo azepane (observe the formation of the N-C bond before the N-N one in Fig. 3 and 5) . That is to say, our results reveal a pseudo-concerted mechanism, having an early formation of the new C-N bond.
Glycosidase inhibition tests
The inhibitory activities of the tetrazoles 13 and 14 were examined against eleven glycosidases (see ESI †). Only a very weak inhibition was observed for b-galactosidase from Aspergillus oryzae (16% at 1 mM) with the compound 14; and for b-D-glucosidase from almonds (38% at 1 mM) with the hydroxymethyl analogue 13. It can be concluded that contrary to our initial hopes, the tetrazole system does not enhance the glycosidase inhibitory activity, in comparison with the inhibition showed by monocyclic polyhydroxylated azepanes with the same conguration 11 (ref. 12a) and 12 (ref . 12b and c) ; or the triazole analogous 10.
10 Thus, compound 11 was reported to inhibit the enzymes b-glucosidase (IC50 ¼ 21.6 mM) and b-galactosidase (IC50 ¼ 44.3 mM). Analogously, compound 12 showed inhibition for the enzymes agalactosidase from green coffee beans (87%) and a-fucosidase from bovine kidney (95%) at 120 mM.
12b,c The obtained results are not in correlation with the published properties of the azolo piperidine family, where tetrazole enhanced the glycosidase inhibition activity. 4a In order to obtain analogues with positive inhibition against glycosidases, these synthetic strategies are being applied to other monosaccharides. Moreover, the features of these compounds could be suitable for other biological targets. The possibility of increasing biological activity with different fused azole rings will be tested.
In conclusion, we have achieved efficiently the syntheses of the fused tetrazolo azepanes 13 and 14 from azido nitriles obtained from carbohydrate derivatives. Unfortunately, glycosidase inhibition tests of the new compounds showed very weak results. However the preferred calculated conformations for these compounds 13 and 14 were suitable for an inhibition pattern. Computational mechanistic study of the cyclization process has been carried out showing a pseudo-concerted mechanism.
Conflicts of interest
There are no conicts to declare.
